This study comprises the comparative evaluation of floating (Azolla filiculoides) and submerged (Hydrilla verticillata) macrophytes for potential biosorption of Cu(II), Cr(VI), As(III) and Pb(II) from aqueous solution in a multi-component study. Statistically valid Plackett-Burman design of experiments was employed with four heavy metals at two different levels by varying their initial concentration in the range 10-50 mg L −1 for both the macrophytes. The maximum removal efficiency for Pb(II) was obtained for both the biosorbents, i.e., Azolla sp. (81.4%) and Hydrilla sp. (84.3%) within 4 h of the experimental runs, with an initial concentration of 10 mg L −1 of all the heavy metals. Followed by Pb(II) removal, a declining trend for the removal (%) for Cu(II), As(III) and Cr(VI) was obtained, for all the experimental runs. Also, the minimum removal (%) for all the experimental runs was attained at 25 mg L −1 (maximum) for all the heavy-metal concentration level. The removal efficiency (%) trends follow the order: Pb(II) > Cu(II) > As(III) > Cr(VI) for both the biosorbents. Analysis of variance and Student's t test of the metal bioremoval revealed that main (individual) effect due to the metals was highly significant (P value < 0.05) on each other's removal. Student's t test results revealed that both Pb(II) and Cu(II) strongly inhibited both Cu(II) removal (P value < 0.01), while Cr(VI) has only inhibitory effect on Pb(II) removal. Henceforth, all these results simultaneously depicted good potential of the aquatic macrophytes for the biosorption capability of heavy metal and the effect of individual metals on each other's removal in the multi-component system.
Introduction
Globally, heavy metals are very well recognized for their ill effects since ages, representing a serious environmental concern and threat to the ecosystem (Ahmad et al. 2018; Kushwaha et al. 2018) . Unlike organic contaminants, heavy metals (HMs), viz., copper, chromium, arsenic and lead, are among the prime pollutants of the aquatic bodies because of their toxic, persistent, non-degradable nature, and bioaccumulative capability among the food web and tissues in human bodies (Singh et al. 2019; Bind et al. 2018; Goswami et al. 2017a; Arul Manikandan et al. 2016) . It causes serious problems to human beings in relation to the respiratory, reproductive, cardiovascular, endocrine and immunological systems leading to insomnia, irritability, anemia, dizziness and muscles weakness (Kushwaha et al. 2015 , Goswami et al. 2019 ).
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With the stringent environmental legislations along with the techno-economical inadequacy of the conventional technology, utilization for the potential removal of heavy metals have lead to the exploration of better, efficient and economical biosorbent (Ibrahim et al. 2016; Kushwaha et al. 2017b; Goswami et al. 2018a, b) . In addition, the sequestration of heavy metals follows a rapid as well as reversible reaction of HM ions with the functional groups present in the polymeric cell wall of biosorbents (Volesky 1990 ). Numerous studies have been reported for HM removal by utilizing biosorbents, viz., agricultural wastes, seaweeds, living or dead microorganisms, and wastes from industries (Bind et al. 2018; Ahn and Hong 2015) .
In addition, HMs contaminant mostly occurs with other organic and/or inorganic pollutants in wastewater. It is important to consider a biosorbent which is capable of the removal of these pollutants in single as well as in the mixture component system. This could lead to a synergistic or antagonistic effect on the removal of HMs in the multicomponent system depending on their interactions with each other as well as with the biosorbent. Therefore, examination of the interactions and removal efficiency of HMs in a multi-component system is of utmost importance. Also, there is not ample literature reporting the interactions of HMs with each other as well as with the biosorbent in a multi-component system.
In accordance with the aforementioned aspects, the present study investigated the HM removal from the simulated aqueous HM solutions in a multi-component system with their interactions with each other. In the literature, various aquatic macrophytes have already been reported for their potential of HM removal and have already proved their potential for the wastewater treatment (Showqi et al. 2018) . Here, two different types of aquatic macrophytes, i.e., Azolla filiculoides (floating macrophytes) and Hydrilla verticillata (submerged macrophytes) have been chosen for the performance evaluation of the two biosorbents (Bind et al. 2018) . A Plackett-Burman design was deployed with four different HMs (copper, Cu(II); chromium, Cr(VI); arsenic, As(III) and lead, Pb(II)) at two different levels by varying their initial concentration in the range 10-25 mg L −1 for both the macrophytes (biosorbents). The interpretation of the removal efficiencies was further analyzed through Student's 't' test and variance analysis (ANOVA) for an insight into the significance and effect of the chosen HMs on each other's removal in a multi-component system. Further, investigations were performed employing field emission scanning electron microscopy (FESEM) equipped with energy-dispersive spectroscopy (EDX) and Fourier-transform infrared spectroscopy (FTIR).
Materials and methods

Biosorbent source and metal solution preparation
Two different biosorbents were collected from the nearby locality as mentioned in our previous individual metal biosorption study along with their preparation and characterization (Bind et al. 2018) . All the individual HM stock solutions of Pb(II), As(III), Cu(II) and Cr(VI) were prepared with analytical-grade chemical salts utilizing Pb(NO 3 ) 2 , As 2 O 3 , CuCl 2 •H 2 O and K 2 Cr 2 O 7 , respectively. The subsequent amount of metal solutions was prepared with proper dilution in deionized distilled water.
Heavy-metal precipitation from multi-component system by the biosorbents A Plackett-Burman design (PBD) was used for examining the HM removal in a multi-component system by the two biosorbents. The PBD comprises 12 experimental runs using different combination levels of Cu(II), Cr(VI), As(III) and Pb(II) ( Table 1) . PBD experiments were imposed for examining the effect imparted by the operational parameters, multiple variables on a process and their synergistic effect more influentially (Nejad et al. 2010 ). The tool simultaneously facilitates in examining the factors influencing the response as well as for identifying their interactions (Sahoo et al. 2014) . The lower and upper limits of the concentration for each of the heavy metals, i.e. Cu, Cr, As and Pb were selected as 10 and 25 mg L −1 , respectively. All these initial levels of the HMs were according to single component studied earlier using the similar biosorbents (Bind et al. 2018 ). The results obtained were statistically analyzed by Minitab (Version 16, PA, USA).
Each batch of multi-component biosorption experiments was carried out in 250-mL Erlenmeyer flasks with 100 mL of the HM contaminated solution. The experimental flasks were then incubated at 30°C on a rotary shaker at 120 rpm. Control flasks were also kept for all the 12 experimental runs. The samples were periodically taken from each experimental run to determine the individual HM concentration in the multi-component system.
Characterization of the metal-loaded biosorbent
FTIR spectroscopy and FESEM-EDX were carried out to characterize the HM-loaded biomass obtained due to the two biosorbents. FTIR spectrum was performed to determine the variations in the biomass functional groups due to HM biosorption. For FTIR spectra, the control and metalloaded biomass were centrifuged for 5 min at 8000 × g, washed twice with distilled water and the resulting pellet was vacuum-dried and subjected to FTIR spectroscopy (PerkinElmer, Singapore) (Goswami et al. 2017b ). For FESEM analysis, the same metal-loaded biomass obtained after the experimental runs were dried in oven at 80°C for 2 h and coated with gold using a sputter coater (Goswami et al. 2017c ). The prepared samples were then analyzed by FESEM-EDX (Zeiss, Sigma, Germany) for surface morphology and elemental composition.
Analytical methods
After the completion of the experiments, the samples were centrifuged at 4000 × g for 5 min. The supernatant obtained was examined by atomic absorption spectroscopy (PerkinElmer Analyst 400, England) as per the American Public Health Association standards (APHA 2005): where C 0 and C e , the initial and final HM concentrations (mg L −1 ) present in the solutions, respectively.
Results
Heavy-metal removal from multi-component system
The removal efficiencies of Cu(II), Pb(II), As(III) and Cr(VI) by the two different types of macrophytes, i.e., Azolla filiculoides (floating) and Hydrilla verticillata (submerged) in a multi-component polluted system, were examined in
this study. HM removal was assorted in accordance with the combination level of these HMs in the respective mixture system. The maximum Pb(II) removal was obtained for both the biosorbents, i.e., Azolla sp. (81.4%) and Hydrilla sp. (84.3%) within 4 h of the experimental runs, with an initial concentration of 10 mg L −1 of all the HMs. Followed by Pb(II) removal, a declining trend in the removal (%) for Cu(II), As(III) and Cr(VI), for all the experimental runs, was obtained, with a maximum of 68.3, 62.7 and 51.2% for Azolla sp. and 71.2, 65.3 and 55.2% for Hydrilla sp., respectively. Also, the minimum removal (%) for all the experimental runs was attained at 25 mg L −1 (maximum) for all the HM concentration levels. The removal efficiency trends follow the order: Pb(II) > Cu(II) > As (III) > Cr(VI) for both the biosorbents. Similar trend was also obtained in our earlier study (individual metal system), where the removal efficiencies were much higher in comparison with the present multi-component system (Bind et al. 2018) . The removal efficiencies of HMs clearly depicted the dependency of HM removal by both the biosorbents onto the HMs type and their concentration combinations in the system. Here, the removal (%) of different HMs for different experimental runs was related to their total removal.
Statistical analysis
For a superior perceptive and assessment of the relative significance of heavy metals on individual and each other in the multi-component simulated system, the results of metal removal obtained from the aqueous solution were statistically analyzed by Student's t test and variance analysis (ANOVA). The significance of HM removal multi-component system was evaluated by ANOVA, and the results are presented in Table 2 with F and P values. The deviation in the results can be well described by the large F value and corresponding low P value which indicates the accuracy of the system. The values of the statistical parameters, viz., Fisher's F value, P-value and R 2 , together depict whether the level means are significant or not, along with the goodness of fit of the regression model. Thus, low S value and high R 2 value show a precision of the model in estimating the experimental data.
Additionally, it was observed that the effect of individual metals on the removal of other metals in the multicomponent system was statistically significant (Table 2) . To understand further, the individual effect by each of the HMs plays a significant role in their own removal in the multi-component system, Student's t test was performed (Table 3 ). Student's t test depicts the regression coefficient of the parameter and associates P and t values to specify their significance. Therefore, Pb(II) shows significant inhibitory effect on its removal (%) and removal of other HMs with a P value less than 0.01 for Azolla, but only shows the inhibitory effect on As and Cu for Hydrilla sp. (Table 3 ).While Cu(II) shows one-way inhibitory effect only in the case of Azolla sp. and for Hydrilla sp., it shows the inhibitory effect on all the metals present in the multi-component system (Fig. 1 ). In the case of As(III), it shows the inhibition for the individual as well as for Pb(II) and Cr(VI) for Azolla sp., while for Hydrilla sp. it shows the inhibition on all the respective selected heavy metals. Lastly, for Cr(VI), it shows negative effect on the removal of Pb(II) for both the biosorbents.
For a better presentation of the effect of various HMs on each other's removal in a multi-component simulated system, the Pareto chart is illustrated in Fig. 1 . The horizontal bars in the Pareto chart shows the effect imposed by the individual metals and the effects that is being extended to the head of the reference line (the vertical line on the chart) denoted the significant effects (≤ 0.05). In general, the result shows that the increase in Pb(II) and Cu(II) concentrations in the multi-component system not only inhibits the individual removal (%) by the two aquatic macrophytes, but also affects the removal of other HMs in the multi-component system, excluding Cr(VI) where the only significant effect was observed on Pb(II).
Characterization of heavy-metal-loaded biomass
For the characterization of the HM-loaded biomass, FESEM-EDX and FTIR analyses were performed to examine the surface morphology and elemental composition of the HM-loaded biomass. Figure 2a , b shows FESEM-EDX spectra of the metal-loaded biomass for both the biosorbents (Azolla and Hydrilla sp.). The presence of different selected HMs is confirmed by the EDX spectra obtained from the surface of the two biosorbents. In general, the result from FESEM shows that the selected HMs were mainly removed by biosorption associated with the surface of biosorbent. FTIR analysis of the control and HM-loaded biomass for both the biosorbents was performed to examine the functional group(s) involved in the interactions between the heavy metal ions and on the surface of the biosorbents (Fig. 3) . The stretch in both the spectra was in the range 
Discussion
The mechanistic insights of the HM removal in a multicomponent system are very different from the single metalcontaminated system (Roy et al. 2015) . The competiveness between different HMs and their inhibitory effect on each other plays a significant role in the biosorption phenomena in multi-component system which better/aptly resembles with the real wastewater-contaminated system (Gikas 2008) , whereas the initial concentration also plays an important role in the heavy-metal removal in the single as well as in multicomponent systems (Babu et al. 2014; Baral et al. 2009 ). In the present study, the biosorption of the HMs involves the inhibitory effect on each other and it also increases with the increase in the HM concentration. Roy et al. (2015) also reported similar phenomena for the HM removal in the multi-component system by Nostoc muscorum which involved very fast sorption initially onto the surface of cell, followed by lower uptake of the HMs inside the cyanobacteria. Also, Pb(II) showed a better removal in the multi-contaminated system containing three different heavy metals. Similar results were obtained in the current study as well as also in our earlier study in the single-component system (Bind et al. 2018) . In another study, Sulaymon et al. (2013) reported the competitive biosorption of Pb(II), Cd(II), Cu(II) and As(III) ions by using native algae in a multi-component system, viz., single, binary, ternary and quaternary metal solutions in a batch reactor. The removal of the heavy metals followed Pb (II) > Cu(II) > Cd(II) > As(III) trend with a declining affinity constant for the single, binary, ternary and quaternary, respectively. Also, the biosorption of all the metals tailed the pseudo-second-order kinetics model. Pb(II) biosorption could further be understood due to its strong affinity with the functional groups present in the biosorbent in comparison with the interactions because of the other HMs in multi-contaminated system. Also, the non-specific binding sites for Pb(II) present on the surface of macrophyte (biosorbent) attributed to its negative effect on each other's HM removal in the multicomponent system (Roy et al. 2015) . The ionic radius of the metal hydrates also plays a significant role in the binding affinity. There is an inverse relation of the binding affinity with the radius of metal hydrates. Among all the selected HMs, Pb(II) has the smallest radius (Chen et al. 2010) . Moreover, the stereo-chemical hindrance and variation in the metal class behavior of Pb(II) resulted in an inhibitory effect on the removal of other HMs in the multi-component system (Tsezos and Remoundaki 1997) .
Henceforth, it could be inferred that both the biosorbents are efficient in the removal of heavy metal, in particular Pb(II)-and Cu(II)-contaminated systems. Further, at higher concentration of the heavy-metals, surface modification can be performed chemically (with some acidic or basic reagents) that can be utilized for addition of function group onto the biosorbent (Ramrakhiani et al. 2017 ). In addition, the biosorbents have shown a good property of regeneration for its future as well.
Conclusions
Two different types of macrophytes were used as the potential biosorbents in a multi-component study; in both the cases, the following trend was obtained in accordance with their removal efficiencies: Pb(II) > Cu(II) > As(III) > Cr(VI). As Pb(II) has a small hydrated ionic radius in comparison with the other chosen heavy metals, it has depicted a strong negative effect on the removal of other HMs by the macrophytes, except chromium. Hydrilla verticillata (submerged) have shown better removal efficiencies in comparison with Azolla filiculoides (floating) for all the experimental runs. Although the removal efficiencies in multi-component system, for both the cases, were less than the individual removal, the maximum removal was obtained at an initial concentration of 10 mg L −1 . Also, the individual effect of each heavy metal significantly governs the removal efficiencies in all the cases. Hence, for all these heavy metals, both the macrophytes have shown very good potential for the removal in a multi-component-contaminated system.
